Streptococcus pneumoniae serogroup 10 includes four crossreactive capsular polysaccharide (CPS) serotypes (10F, 10A, 10B, and 10C). In the present study, the structures of CPS10B and CPS10C were determined by chemical and high resolution NMR methods to define the features of each serotype. Both CPS10C and CPS10F had ␤1-6-linked Galf branches formed from the termini of linear repeating units by wzy-dependent polymerization through the 4-OH of subterminal GalNAc. The only difference between these polysaccharides was the wcrC-dependent ␣1-2 or wcrF-dependent ␣1-4 linkages between Gal and ribitol-5-phosphate. The presence of one linkage or the other also distinguished the repeating units of CPS10B and CPS10A. However, whereas these polysaccharides both had ␤1-3-linked Galf branches linked to GalNAc, only CPS10A had additional ␤1-6-linked Galp branches. These Galp branches and the reaction of a CPS10A-specific monoclonal antibody were eliminated by deletion of wcrG from the cps10A locus. In contrast, deletion of this gene from the cps10B locus had no effect on the structure of CPS10B, thereby identifying wcrG as a pseudogene in this serotype. The ␤1-3-linked Galf branches of CPS10A and CPS10B were eliminated by deletion of wcrD from each corresponding cps locus. Deletion of this gene also eliminated wcrG-dependent ␤1-6-linked Galp branches from CPS10A, thereby identifying WcrG as a branching enzyme that acts on the product of WcrD. These findings provide a complete view of the molecular, structural, and antigenic features of CPS serogroup 10, as well as insight into the possible emergence of new serotypes.
The capsular polysaccharides (CPS) 2 of Streptococcus pneumoniae are of interest both as virulence determinants in the pathogenesis pneumococcal infections and as protective antigens for induction of serotype-specific immunity. Over 90 CPS serotypes are currently recognized (1, 2) , many of which comprise serogroups, the evolution of which is generally attributed to immune selection. A comprehensive genetic framework for the characterization of these polysaccharides recently became available following identification of the chromosomal loci (cps) for CPS biosynthesis from reference strains of all serotypes (3) . General functions were predicted for most of the nearly 2000 genes in these loci including the 342 encoded glycosyltransferases, comprising 92 homology groups (4) . In addition, a number of genes for transferases were tentatively assigned to linkages in the corresponding CPS structures, including those of CPS10A and CPS10F (4) . These assignments provided starting points for earlier studies of CPS serogroup 10 (5, 6), which in turn set the stage for the present study to complete the structural and molecular characterization of this serogroup.
CPS serotypes 10F and 10A, the two most common members of serogroup 10, were distinguished over 70 years ago by the reactions of cross-absorbed rabbit antisera (7, 8) . From subsequent surveys, serotype 10A was identified as the 20 th most common S. pneumoniae serotype isolated from cases of invasive disease, and on this basis, CPS10A was selected as the representative of serogroup 10 in the 23-valent vaccine (9) . More recently, two other members of this serogroup, serotypes 10B and 10C, were revealed by their reactions with available factor antisera and distinguished from these serotypes and from each other by cross-absorption studies (10) . At the genetic level, high shared synteny was found between the cps10A locus and cps10B and the cps10C locus and cps10F (11) . In fact as originally described (3), the loci in each syntenous pair appeared to be genetically identical.
The initial assignments of specific genes to linkages in CPS10A and CPS10F (4) were based on the available structures of these polysaccharides determined from chemical data (1) . Although the proposed structure of CPS10A was confirmed by NMR (12) , similar studies were not performed with CPS10F. Our interest in the latter polysaccharide arose from the striking similarity of the cps10F locus to the locus of a Streptococcus oralis coaggregation receptor polysaccharide designated RPS4Gn (5), which, unlike CPS10F, functioned as a cell surface receptor for interbacterial interactions between members of the dental plaque biofilm community. Comparative molecular studies of these closely related but functionally distinct polysac-charides revealed four discrepancies in the apparent roles of similar genes in S. pneumoniae and S. oralis, all of which were resolved by high resolution NMR of CPS10F (6) . One discrepancy involved the linkage between Gal and ribitol-5-phosphate, which had been reported as ␣1-2 in both CPS10A and CPS10F. The finding from NMR that this linkage was ␣1-4 in CPS10F indicated that the corresponding gene in the cps10F was not wcrC as in serotype 10A but instead was an allele that is now designated wcrF (6) . Importantly, distribution of wcrC and wcrF among the four CPS10 serotypes suggested that the presence of one allele or the other distinguished cps10A from closely related cps10B and cps10C from closely related cps10F. This in turn implied that the linkage between Gal and ribitol-5-phoshate distinguished each pair of polysaccharide structures. To test these predictions, we have now determined the structures of CPS10B and CPS10C by high resolution NMR. The results reveal the expected linkages between Gal and ribitol-5-phoshate. However, they also reveal an unexpected difference between CPS10B and CPS10A that we now show depends on the presence of a previously unrecognized pseudogene in the cps10B locus. The findings, which complete the structural and molecular characterization of CPS serogroup 10, provide an unparalleled view of the features that define each serotype.
EXPERIMENTAL PROCEDURES
Bacterial Strains and Culture Conditions-Wild type and mutant S. pneumoniae strains (Table 1) were cultured in brainheart infusion broth (OXOID Ltd., UK) or agar supplemented with 5% heat-inactivated horse serum (Sigma) and 0.5 g ml Ϫ1 erythromycin as needed for the maintenance of antibiotic-resistant strains.
Antibodies and Immunochemical Methods-Factor 10b and 10d rabbit antisera were purchased from Statens Serum Institute (Copenhagen, Denmark). Prior to use in dot immunoblotting, these antisera were absorbed with CPS-negative S. pneumoniae mutant strains JA1 and JB1 (Table 1) to remove antibodies to non-CPS cellular antigens. Absorptions were performed as previously described (5) by incubating pneumococci harvested from 3 ml of overnight broth cultures of each mutant strain with 5 l of factor antiserum in 0.5 ml of PBS containing 4 mg/ml BSA. Dot immunoblotting was performed as previously described (6) to detect binding of absorbed factor antisera (1/1000 dilution) or previously described (13) mouse mAb Hyp10AM6 (1:5 dilution of hybridoma cell culture supernatant) to decreasing numbers of streptococci spotted on nitrocellulose membranes. Bound antibody was detected with peroxidase-conjugated goat anti-mouse or anti-rabbit IgG (Bio-Rad) and a metal-enhanced DAB substrate kit (Pierce).
Isolation of Polysaccharides-CPS was isolated from culture supernatants of S. pneumoniae serotype 10B strain 423/82, serotype 10C strain Gro Norge, and mutant strains JA2, JA3, JB2, and JB3 (Table 1) following a previously described protocol (6) that included DEAE Sephacel (GE Healthcare) anion exchange column chromatography. CPS10A was purchased from Statens Serum Institute (Copenhagen, Denmark).
Chemical Methods for Carbohydrate Composition and Linkage Analysis-Glycosyl composition analysis was done by GC-MS of monosaccharide TMS derivatives at the Complex Carbohydrate Research Center (University of Georgia). After methanolysis of the polysaccharide, the resulting monosaccharide methylglycosides were derivatized and analyzed on a Supelco EC-1 capillary column. Linkage analysis was done by GC-MS of the partially methylated alditol acetates. The samples were dissolved in dimethyl sulfoxide and treated with dry NaOH and methyl iodide. Following workup, the permethylated samples were hydrolyzed in 2 M trifluoroacetic acid at 121°C in a sealed tube, reduced with NaBD 4 , and acetylated using acetic anhydride. They were analyzed on a 30-m Supelco 2330 bonded phase capillary column by electron impact mass spectrometry.
Pretreatment of some of the polysaccharide samples with 48% aqueous hydrofluoric acid (HF) at 4°C for 2 days was used to cleave phosphodiester linkages that were anticipated for these polymers. This treatment also is known to cleave furanoside linkages of sugars.
Structural Characterization of Polysaccharides by NMR Spectroscopy-NMR spectra of purified polysaccharides were recorded as in previous studies (6, 14) with a Bruker DRX 500 with a cryoprobe and a DRX700 using standard acquisition software. Generally, a 1-5-mg sample of polysaccharide was exchanged twice with 3 ml of 99.96% D 2 O, lyophilized, and 13 C, 31.07 ppm). All of the data were processed using NMRPipe, NMRDraw, NMRView, and Sparky software. Double quantum filtered homonuclear COSY and total correlation spectroscopy (TOCSY) along with gradient triple quantum filtered COSY spectra were carried out to assign the scalar coupled protons of each monosaccharide residue. 13 C chemical shifts were assigned by heteronuclear single quantum coherence spectroscopy (HSQC) and combination HSQC-TOCSY. Inter-residual linkages were determined by NOESY and combined HSQC-NOESY with mixing times of 300 ms. Long range coherencebased linkage determination was done by C-H heteronuclear multiple bond correlation spectroscopy (HMBC) and by its single-quantum analog, phase-sensitive gradient heteronuclear single quantum multiple bond correlation (HSQMBC) (15) . All of the chemical shifts were measured from natural abundance 13 C-1 H HSQC spectra to avoid chemical shift and line shape distortion by the 1 H strong coupling that is common in carbohydrates. A number of single quantum heteronuclear spectra were acquired at relatively high resolution (5 Hz) in the indirect ( 13 C) dimension by means of folding and acquisition of 2048 free induction decays, which was performed to increase the information content of the spectra. This was possible because the natural line width for these polysaccharides is relatively narrow.
Competence-stimulating Peptides (CSP)-Amino acid sequences of CSP of S. pneumoniae strains 10061/38 (i.e. MKNTVKLEQFVALKEKDLQKIKGGEMRISRIILDFLFL-RKK) and 423/82 (i.e. MKNTVKLEQFVALKEKDLQKIK-GGEMRLSKFFRDFILQRKK) were predicted from comC gene sequences as described previously (5) . The sequence of mature CSP of strain 10061/38, which is underlined above, was the same as CSP-2 from S. pneumoniae A66 (16) and was generously provided by Don Morrison (University of Illinois at Chicago). The mature CSP of strain 423/82, which is also underlined, was synthesized using automated 9-fluorenylmethoxy carbonyl chemistry and purified by high performance liquid chromatography (CEBR Research Central, National Institutes of Health).
Molecular Methods-Mutant S. pneumoniae strains (Table  1) were prepared by transformation of wild type strains 10061/38 or 423/82 with appropriately designed PCR constructs containing the nonpolar ermAM cassette flanked by ϳ1.0-kb gene-targeting sequences for homologous recombination with identical chromosomal sequences located upstream and downstream of the gene of interest. Transforming DNA was prepared by overlap extension PCR performed as previously described (5) with the primers listed in supplemental Table S1 . Transformation of strains 10061/38 and 423/82 was performed as previously described (16, 17) with minor modifications. Briefly, overnight brain-heart infusion broth cultures with 5% heat-inactivated horse serum were diluted 1:100 in fresh medium and incubated 1 or 2 h at 37°C until A 600 nm reached values from 0.02 to 0.03. Transformation reactions were set up from such cultures by adding BSA (0.16%), CaCl 2 (0.01%), CSP-2 (400 ng ml Ϫ1 ), or CSP of strain 423/82 (250 ng ml Ϫ1 ) and transforming DNA (1 g ml Ϫ1 ) to the final concentrations that are indicated in parentheses. Following incubation for 150 min at 37°C, reaction mixtures were plated on brainheart infusion agar supplemented with 5% heat-inactivated horse serum and erythromycin (0.5 g ml Ϫ1 ) to select for transformants. The location of ermAM cassette in each mutant strain was verified by PCR.
The plasmids listed in Table 1 were prepared by PCR amplification and cloning of wcrG from S. pneumoniae 10061/38 or 423/82 into plasmid pJY (5) using the primers listed in supplemental Table S2 . The integrity of each cloned gene was verified by sequencing. Transformation of pneumococci with recombinant plasmids and selection for transformants was performed as described above using brain-heart infusion plates that contained kanamycin (750 g ml Ϫ1 ).
RESULTS
Chemical Studies of CPS10B and CPS10C-Carbohydrate composition analysis of CPS10B and CPS10C revealed ϳ9% ribitol, 70% galactose, and 20% galactosamine for each polysaccharide. Linkage analysis identified three times more terminal Galf from intact CPS10B than from the HF-treated polysaccharide sample, which suggested the presence of Galf branches. 3-Linked Galp was detected from intact CPS10B, whereas terminal Galp was detected for the HF-treated sample, which suggested a phosphodiester or furanoside linkage to the 3-OH of Galp. 3,4-Linked GalNAc was detected from the intact polysaccharide, and 4-linked GalNAc was detected from the HF-treated sample, which suggested a phosphodiester or furanoside linkage to the 3-OH of GalNAc. Linkage results for ribitol from the intact sample were not interpretable because of interference of the phosphate linkage with both methylation and acid hydrolysis. However, results from the HF-treated sample suggested either 2-or 4-linked ribitol, which are indistinguishable because of the symmetry of ribitol. Linkage analysis of CPS10C gave results similar to those described for CPS10B, with the exception that 4,6-substituted GalNAc was detected from intact CPS10C versus 4-linked GalNAc from the HF-treated sample, which suggested a phosphodiester or furanoside linkage to the 6-OH of GalNAc. The results from chemical studies of CPS10B and CPS10C were all compatible with the structures of these polysaccharides determined from NMR spectroscopic analysis.
NMR Spectroscopic Analysis of CPS10A-We anticipated that the structure of CPS10B from strain 423/82 would be closely related to that of CPS10A from S. pneumoniae 10061/38 based on similarities between the chromosomal loci of these polysaccharides (11) . However, the structure of CPS10A was determined by modern high resolution NMR spectroscopy (12) of the polysaccharide included in the 23-valent vaccine (Pneumovax 23; Merck & Co., Inc.). Thus, to confirm identity, we recorded and compared the 1 H-13 C HSQC spectrum of strain 10061/38 CPS10A (Statens Serum Institute) with that of the Merck polysaccharide. The anomeric region of strain 10061/38 CPS10A (Fig. 1A ) contained six resonances, as expected, that corresponded to the sugar residues previously identified (12) in the CPS10A repeating subunit. The 13 C and 1 H resonances in the remainder of the spectrum (data not shown) were also in satisfactory agreement with the data reported by Jones (12) , indicating that the structures of CPS10A from the two strains examined are identical. The notation of residue letters used in Figs. 1 and 2 and Table 2 were chosen to parallel that used in previous studies of S. oralis receptor polysaccharide and S. pneumoniae CPS10F (6) .
Structure of CPS10B from S. pneumoniae 423/82-Whereas six resonances were noted in the anomeric region of the 1 H-13 C HSQC spectrum of CPS10A, only five were present in this region of the CPS10B spectrum (Fig. 1A) . The resonance absent from the CPS10B spectrum was the one labeled G1 in the CPS10A spectrum, which corresponds to the ␤-Galp side chain of CPS10A (Table 2) . We began our analysis of the CPS10B spectrum by assigning the resonances for residue A. The downfield 13 C chemical shift of A-C1 (109.86) suggested a furanoside. COSY from A-H1 identified A-H2 at 4.210 ppm, and TOCSY indicated similar chemical shifts for H2, H3, and H4 of residue A. Although similar, these resonances were readily assigned by HSQC-TOCSY and HSQMBC because the 13 C chemical shifts were distinct. Following the pattern commonly observed with ␤-galactofuranosides (14), A-H1 showed a strong HSQC-TOCSY cross-peak to A-C2 and a weaker crosspeak to A-C3, whereas long range 1 H- 13 C correlation spectra showed a very strong cross-peak to A-C4, a weaker cross-peak to A-C3, and a very weak cross-peak to A-C2. Further assignments in this spin system were made from HSQC-TOCSY cross-peaks from A-C3 and A-C4 to A-H5 at 4.342 ppm accompanied by a strong cross-peak from A-H5 to A-C6, which was shown to be a methylene group in edited HSQC. This assignment was confirmed by triple quantum filtered COSY of A-H5, A-H6,6Ј.
Residue B is a ␤-galactopyraoside with B1 at 4.758 and 104.22 ppm ( Table 2) . COSY identified B-H2 at 3.70 ppm but TOCSY from B-H1 indicated that B-H2 might overlap with B-H3, a speculation supported by HSQC peaks at 71.22 and 81.34 ppm in this 1 H column. HSQC-TOCSY from B-H1 showed strong cross-peaks at both 13 C frequencies. Although B-H2 and B-H3 occurred at the same chemical shift, assignment of the corresponding 13 C atoms was possible by HSQC-TOCSY from B-H1 at short mixing time, which showed a stronger cross-peak for B-H2 than from B-H3 or by HSQC-NOESY from B-H1 because a cross-peak was expected only for B-H3 and not for B-H2. TOCSY from B-H1 showed a weak cross-peak with a narrow line shape at 4.077 ppm, which was assigned as B-H4, an equatorial proton. HSQC-TOCSY from B-H1 showed a weak peak at 69.42 ppm that was assigned as B-C4. NOE cross-peaks were observed from B-H4 to B-H3 and to a peak at 3.68 ppm that was assigned to B-H5. HSQC provided assignment of B-C5 at 75.74 ppm, from which HSQC-TOCSY cross-peaks were observed to methylene protons at 3.74 and 3.76 ppm belonging to B-H6,6Ј.
The chemical shifts of residue C, with C1 at 5.056 and 109.96 (Table 2) , indicated a second furanoside residue. COSY identified C-H2 at 4.072, but as was the case with residue A, TOCSY from C-H1 indicated overlap with C-H3. Long range H-C correlation by HSQMBC showed a very strong cross-peak from C-H1 to 83.68 ppm, which is expected for C-C4 in a ␤-galactofuranoside. This peak was correlated by HSQC to a 4.071-ppm resonance that was assigned as C-H4. HSQC-TOCSY from C-H1 showed a strong cross-peak with C-C2 at 82.01 ppm and a weaker peak at 77.21 ppm that was assigned as C-C3. Further assignments of the spin system of residue C were provided by HSQC-TOCSY from C-C4 to the overlapping signals of C-H2 and C-H3 as well as peaks at 3.68 and 3.83. The peak at 3.68 ppm corresponded in multiplicity-edited HSQC to a methylene group with the 13 C at 63.32 ppm. That 13 C resonance was assigned as C-C6 because it showed HSQC-TOCSY to C-H4, as well as to the 3.83 ppm resonance that was assigned as C-H5. Residue E with E1 at 5.073 and 98.87 ppm ( Table 2) was identified as an ␣-sugar by 1 J CH ϭ 173.5 Hz and by the small homonuclear coupling to E-H2 in COSY spectra. E-C2 and E-C3 were assigned by a combination of HSQC and HSQC-TOCSY. TOCSY from E-H1 also gave a narrow peak expected for the H4 of an ␣-galactopyranoside at 4.222 ppm. HMBC from E-H1 gave cross-peaks to E-C3 and E-C5 as expected for this ␣-sugar, which provided the assignment of E5 at 4.243 and 71.40 ppm. HSQC-TOCSY from this isolated 1 H peak gave a cross-peak to 61.96 ppm, a methylene group assigned as E6.
Assignment of the resonances expected for the five sugar residues in the repeat unit left the remaining signals to be assigned to the ribitol (residue F). This assignment was initiated with the methylene resonances of F-H5,5Ј, which were assigned as 4.113 and 4.199 ppm by correlation with 31 P HSQC as described below. HSQC-TOCSY from F-C5 at 65.52 ppm identified F-H4 at 4.084 ppm; HSQC placed F-C4 at 78.78 ppm. HSQC-TOCSY at short mixing time (10 ms) from F-C4 gave cross-peaks to F-H5 and F-H5Ј as well as to F-H3 at 3.90 ppm, which was associated with a 13 C resonance at 71.17 ppm. HSQC-TOCSY at longer mixing times also identified a resonance at 3.805 ppm as part of this spin system, and this was assigned as F-H2. HSQC-TOCSY from the associated 13 C resonance at 72.09 ppm identified the methylene resonance of F-H1,1Ј at 3.659 and 3.819 ppm, which was correlated with the F-C1 at 63.73 ppm. This assignment accounts for all the NMR signals seen in the HSQC spectrum in Fig. 1B. Given the complete 1 H and 13 C spectral assignments for the CPS10B and identification of the sugar residues, the complete chemical structure was readily determined from the connectivities indicated in NOE and three-bond C-H correlation spectra. Both HMBC and HSQMBC spectra showed cross-peaks between A-H1 and B-C3, proving the Galf␤1-3Galp linkage. HMBC and HSQMBC cross-peaks between B-C1 and D-H4 as well as NOE cross-peaks between B-H1 and D-H4 were used to prove the Galp␤1-4GalNAc linkage. The HMBC cross-peak between C-H1 and D-C3 was obscure because of overlap with the cross-peak between E-H1 and F-C4. However, the higher resolution in 13 C chemical shift provided by the HSQMBC experiment clearly distinguished these two important crosspeaks, establishing the Galf␤1-3GalNAc linkage. HMBC between D-H1 and E-C3 established the GalNAc␤1-3Gal linkage. The correlation of E-H1 to F-C4 was resolved by the HSQMBC spectrum, proving the Gal␣1-4ribitol linkage. The phosphodiester linkage between F5 and A5 was evident from the 31 P HSQC spectrum, which showed cross-peaks between the phosphate and A-H5 (4.342 ppm) and F-H5,5Ј at 4.113 and 4.199 ppm, completing the structure (Fig. 2A) .
Structure of CPS10C from S. pneumoniae Gro Norge-As expected from the carbohydrate composition analysis, the HSQC spectrum of CPS10C contained a peak in the methyl group region (results not shown) at 2.039 ppm ( 1 H) and 23.14 ppm ( 13 C) that was characteristic of the amide group in GalNAc. Also observed was a substoichiometric peak (ϳ30%) at 2.140 ppm ( 1 H) and 21.27 ppm ( 13 C), which indicated partial O-acetylation of CPS10C. Although not previously noted (6), a similar peak was present in the HSQC spectrum of CPS10F but not in presently recorded spectra of CPS10A or CPS10B. The exact position(s) of O-acetyl groups in CPS10C (and CPS10F) could not be determined because of the weak signal from the carbonyl of this partial substituent in HMBC.
The appearance of the anomeric region of the HSQC spectrum of the CPS10C was similar to those for CPS10B (Fig. 1A ) and CPS10F (6) showing five sugar residues in the repeating unit. The only difference involved the chemical shifts assigned to ␣-Gal (E1), which were near 5.2 and 100.3 ppm for CPS10C as had been noted for CPS10A versus ϳ5.07 and 99 ppm for CPS10B and CPS10F (Table 2 ). These similarities suggested that the linkage to ribitol in CPS10C might be ␣1-2 as in CPS10A rather than the ␣1-4 as in CPS10B and CPS10F. To evaluate this speculation, we carried out a full assignment of the NMR spectra and linkage assignment based on C-H coupling and NOE data to provide a rigorous proof of structure. The evidence for the structure of CPS10C is quite analogous to that provided for CPS10B. Thus, what follows is only a brief summary of the data used for the signal assignments (Table 2) , along with solutions to specific problems that are most obvious from examination of the data. For the assignment of signals in residue A (Galf), the problem resulting from the similar chemical shifts of H2, H3, and H4 was solved using the well resolved chemical shifts of the attached 13 C atoms, which were assigned by long range C-H correlation and HSQC-TOCSY. The methylene group of A6 was correlated to A-C3 and A-C4 by HSQC-TOCSY. Another problem was that B-H2 and B-H3 of CPS10C displayed the same chemical shift. As described above for CPS10B, the corresponding 13 C atoms of CPS10C were assigned by HSQC-TOCSY at short mixing time. TOCSY from H1 identified the sharp resonance of equatorial B-H4 and B-H5, which was identified in NOESY from the resolved peak of B-H4. HSQC-TOCSY from B-C5 identified the methylene group of B6. The resonances of side chain residue C (␤-Galf) were assigned by essentially the same strategy as that used for residue A (␤-Galf). Residue D was identified as ␤-GalNAc by the distinctive chemical shift of D-C2. The assignment of the remaining resonances for D followed the same approach as that used for residue B, which also has the ␤-galacto configuration.
For residue E (␣-Gal), the 2 and 3 positions were assigned by a combination of TOCSY and HSQC-TOCSY, whereas E-H4 was identified by the narrow cross-peak with E-H1. HMBC from E-H1 gave cross-peaks to E-C3 and E-C5 as expected for this sugar, but with the complication that E-C3 (80.37 ppm) was very close to another signal at 80.27 ppm that was assigned as F-C2. A correct assignment was possible using HSQC-TOCSY and phase-sensitive gradient HSQMBC folded to give 13 C resolution of 5 Hz. HSQC-TOCSY from E-C5 showed a crosspeak with methylene protons at 3.73 ppm that were correlated with E-C6 at 61.92 ppm.
All of the remaining peaks were assigned to residue F (ribitol) beginning from the methylene resonance of F-H5,5Ј, which was assigned as 4.018 and 4.123 by correlation with 31 P HSQC as described below. HSQC-TOCSY from F-C5 identified F-H4 at 3.855 ppm, and HSQC placed F-C4 at 71.29 ppm. Assignment of F3 and F2 was complicated by overlap of the 1 H resonances of F-H2, F-H3, and F-H5, all of which were in the 4.01-4.02-ppm region. We tentatively assign F-H2 as a cross-peak at 4.02 ppm in HSQC-TOCSY, connecting this peak with the 13 C signal of the one remaining unassigned methylene group at 60.73 ppm (F-C1). This assignment of F-H2 was supported by triple quantum filtered COSY from F-H1,1Ј at 3.83 and 3.92 ppm. There were unassigned 13 C signals at 80.28 and 72.41 ppm in the HSQC spectrum near 4.02 ppm that were assigned to F-C2 and F-C3, respectively, by specialized HSQC-TOCSY spectra. In HSQC-TOCSY with no decoupling during acquisition, we observed on the row at 80.28 ppm (F-C2) cross-peaks to F-H3 at 4.012 ppm and to F-H1 at 3.828 ppm, whereas on the row at 72.41 ppm (F-C3), we observed a cross-peak to F-H4 at 3.855 ppm and to F-H5Ј at 4.123 ppm. In a separate experiment done with short mixing time (10 ms), we observed on the F-C2 row the cross-peak to F-H1 and on the F-C3 row the cross-peak to F-H4.
The linkages for the CPS10C were all assigned by long range C-H correlation (HMBC and HSQMBC) augmented by HSQC-NOESY (Fig. 2B) . The only difficulty was presented by the assignment of the HMBC cross-peak between D-H1 and E-C3, which was ambiguous because of the small difference in the chemical shifts of E-C3 and F-C2. These frequencies were, however, resolved in the single-quantum spectra at 80.37 and 80.27 ppm, respectively. Thus, the linkage of ␣-Gal (residue E) was unambiguous in the HSQMBC spectrum, which showed resolved cross-peaks between E-H1 and both E-C3 and F-C2. The former intra-ring cross-peak is expected for this ␣-sugar, and the latter (i.e. E-H1 to F-C2) showed the Gal␣1-2ribitol linkage. The NOE cross-peak between D-H1 and E-H3 supported the assignment of the GalNAc␤1-3Gal linkage. The phosphodiester linkage between F5 and A5 was evident from the 31 P HSQC spectrum, which showed cross-peaks between the phosphate and A-H5 (4.3523 ppm) and F-H5,5Ј (4.018 and 4.123 ppm), completing the structure of CPS10C (Fig. 2B) .
Molecular Basis of Branching in CPS10A and CPS10B-Synthesis of the ␤1-6-linked Galp branches in CPS10A was previously suggested to depend on wcrG (4), which occurs in both the cps10A and cps10B loci (3). To examine the role of this gene, we replaced it in strains 10061/38 (serotype 10A) and 423/82 (serotype 10B) with a nonpolar ermAM cassette and isolated CPS from the resulting mutant strains (i.e. JA2 and JB2, respectively) for structural characterization. The anomeric region of the high resolution NMR spectra of CPS isolated from mutant strain JA2 (cps10A⌬wcrG) were very similar to that recorded for CPS10A (Fig. 1A) except that the resonance at 4.435, 104.84 assigned to the ␤-Galp side chain (residue G) was absent. The NMR spectrum of strain JA2 CPS (supplemental Fig. S1 ) was completely assigned (Table 2) by the methods described for CPS10B and CPS10C. The only difficulties arose from the near coincidence of the peaks for A2 and A4 that were barely resolved in the HSQC spectrum with the 13 C chemical shifts differing by only 0.05 ppm, which is near the limit of the resolution of our spectrum (ϳ6 Hz). The HSQC peak had double intensity, and HSQC-TOCSY without 13 C decoupling revealed two peaks. HSQC-TOCSY and HSQMBC from H1 provided the assignments given in Table 2 . The resonances of B6 and E6 also differed by only 6 Hz in the 13 C dimension, but HSQC-TOCSY cross-peaks to B-H5 and E-H5 showed the correct assignment. The linkage positions were determined as shown in Fig. 2C by HSQMBC and by HSQC-NOESY at high resolution, which was important because the chemical shifts of E-C3 (80.22 ppm) and F-C2 (80.30 ppm), although close, were resolved by these techniques. Thus, based on results from NMR, deletion of wcrG from the cps10A locus eliminated ␤1-6-linked Galp branches from CPS10A. In contrast, the NMR spectrum of CPS isolated mutant strain JB2 (cps10B⌬wcrG), which is not shown, was indistinguishable from that of serotype 10B parental strain 423/82 (Fig. 1B) . Thus, deletion of wcrG had no effect on the structure of CPS10B.
Pneumococci are typically serotyped by results from Neufeld capsular polysaccharide swelling tests performed with commercially available factor antisera. These antisera are prepared by immunization of rabbits with whole bacteria of one serotype and absorption of the resulting antiserum with whole cells of a related serotype(s) (10) . In the present study, the reactions of factor 10d and factor 10b antisera with wild type strains of each CPS10 serotype and mutant constructs of serotype 10A strain 10061/38 and serotype 10B strain 423/82 were compared by dot immunoblotting (see Fig. 4 ). However, prior to these compari-sons, it was necessary to remove antibodies against non-CPS cellular antigens. This was done by absorbing each factor antiserum with CPS-negative mutant strains JA1 and JB1, which were prepared from strains 10061/38 and 423/82 by ermAM replacement of wcjG, the gene for the initial transferase in CPS biosynthesis. Following these absorptions, the reactions of each factor antiserum in dot immunoblotting were CPS-specific and paralleled results from Neufeld capsular polysaccharide swelling tests (10) . Thus, factor antiserum 10d, prepared from antiserum against serotype 10A by absorption with serotypes 10C and 10F, reacted with strains 10061/38 (CPS10A) and 423/82 (CPS10B) but not with strains Gro Norge (CPS10C) and 34355 (CPS10F). Similarly, factor antiserum 10b, prepared from antiserum against serotype 10F by absorption with serotype 10A, failed to react with strain 10061/38 (CPS10A) but reacted with wild type strains bearing CPS10B, CPS10C, or CPS10F. Importantly, the reactions of factor 10d or factor 10b antiserum with wcrG mutant strains JA2 and JB2 were indistinguishable from those observed with the corresponding CPS10A-and CPS10B-producing wild type strains (Fig. 3) . In contrast, CPS10A-specific mAb (Hyp10AM6) reacted with CPS10A-producing strain 10061/38 but not with any other strain included in the present study (Fig. 3) .
The identification of mAb Hyp10AM6 as a probe for Galp branches in CPS10A opened a convenient approach for comparing the status of wcrG from S. pneumoniae serotypes 10A and 10B. Thus, binding of this mAb to mutant strain JA2 (cps10A⌬wcrG) was fully restored by pJY-16, which expressed wcrG from serotype 10A strain 10061/38 but was not restored by pJY-17, which expressed the same gene from serotype 10B strain 423/82 (results not shown). Importantly, comparable binding of this mAb to serotype 10B strain 423/82 was also noted following transformation of this strain with pJY-16.
To assess the role of wcrD, we replaced this gene in strains 10061/38 (serotype 10A) and 423/82 (serotype 10B) with a nonpolar ermAM cassette. When compared by dot immunoblotting (Fig. 3) , the resulting mutants, strains JA3 and JB3, respectively, were unreactive with factor 10d antiserum but weakly reactive with factor 10b antiserum. The yields of CPS isolated from culture supernatants of these mutant strains were much lower (i.e. 10 -100-fold) than those from wild type or other mutant strains examined in the present study. However, the amounts (ϳ3 mg) of material isolated from strains JA3 and JB3 were sufficient for NMR studies. The anomeric regions (data not shown) of 1 H-13 C HSQC NMR spectra of these polysaccharides indicated four sugar residues in the repeating subunit of CPS isolated from either JA3 or strain JB3. The spectra of these polysaccharides (supplemental Figs. S2 and S3) were completely assigned (Table 2 ) using the same NMR methods described above for CPS10B and CPS10C and inter-residue linkages determined by C-H long range coupling correlation (Fig. 2, D and E) . The structures of the two polysaccharides were identical except for the linkages between residues E and F (i.e. ␣-Gal and ribitol), which were ␣1-2 for the CPS of strain JA3 and ␣1-4 for the CPS of strain JB3. Thus, deletion of wcrD eliminated ␤1-3-linked Galf branches from CPS10A and CPS10B as well as wcrG-dependent Galp branches from CPS10A.
DISCUSSION
The structures of CPS10B and CPS10C determined from reference strains of S. pneumoniae in conjunction with results from previous studies (4 -6) provide a comprehensive view of the molecular, structural, and antigenic features of CPS serogroup 10 (Fig. 4) , as well as insight into the possible emergence of new CPS10 serotypes. Each cps10 locus contains 11 common genes. These include four regulatory and processing genes (i.e. wzg, wzh, wzd, and wze), which occur at the 5Ј-end of each locus (not shown in Fig. 4A) ; wcjG, wciB, wcrB, wciF, and wzy for the common structural features of these polysaccharides; wzx for a flippase; and glf for galactofuranose mutase, the enzyme that converts UDP-Galp to UDP-Galf, an essential CPS precursor. The remaining six genes, which are distributed differently among serotypes, include wcrC and wcrF for the different linkages between Gal and ribitol-5-phosphate; wcrD, wcrG, and wcrH for different branches; and wciG for a putative O-acetyltransferase that presumably accounts for partial O-acetylation of CPS10C and CPS10F at positions that remain to be determined. The findings associate each of the four presently known CPS10 serotypes with a different combination of wcrC-or wcrF-dependent ␣1-2 or ␣1-4 linkages between Gal to ribitol-5-phoshpate and wcrD-or wcrH-dependent ␤1-3-or ␤1-6-linked Galf branches from GalNAc. In addition, they show that wcrG-dependent ␤1-6-linked Galp branches are present in CPS10A but not in CPS10B. Importantly, these branches, although specifically detected by binding of CPS10A-specific mAb Hyp10AM6, were not detected by factor 10b and 10d antisera (Fig. 3) , thereby raising the possibility that isolates identified as S. pneumoniae serotypes 10A or 10B may include additional, unrecognized serotypes. The specificities of the factor 10b and 10d antisera used to identify CPS serotypes 10A and 10B (Fig. 4C ) can now be inferred from the structures of different polysaccharides and from the history of CPS serogroup 10. The structural difference between CPS10F and CPS10A, the first two members of CPS serogroup 10 (7, 8) , involves the branches in these polysaccharides as well as the linkages between Gal and ribitol-5-phosphate (Fig. 4B) . Consequently, factor 10b and 10c antisera, produced by immunization with one serotype (i.e. 10F or 10A) and absorption with the other, are both expected to cross-react with CPS10B and CPS10C because of either the common branches or linkages between Gal and ribitol-5-phosphate in these polysaccharides. Following the identification of serotypes 10B and 10C (10), production of factor 10c antiserum was discontinued in favor of factor 10d antiserum, which was prepared by absorbing antiserum against serotype 10A with both serotype 10F and 10C. The inclusion of serotype 10C as an absorbing antigen is expected to remove antibodies directed against Gal␣1-2ribi-tol-containing epitopes of CPS10A and leave antibodies against the different branches of this polysaccharide. Thus, unlike mAb Hyp10AM6, the reaction of factor 10d antiserum is not abolished by the loss of wcrG-dependent ␤1-6-linked Galp branches from mutant strain JA2 (and CPS10B) but is abolished by the loss of both Galp and Galf branches from the CPS of wcrD mutant strain JA3 (Fig. 3) . In addition to the positive reaction of bacteria with factor 10d antiserum, the identification of serotype 10A pneumococci depends on a negative reaction with factor 10b antiserum. The latter antiserum, which is prepared by absorbing antiserum against serotype 10F with serotype 10A, does not react with CPS10A but does react with the Gal␣1-4ribitol region of CPS10B. Not surprisingly, the structures of different polysaccharides suggest alternative strategies for the production of serotyping reagents. For example, it may well be possible to produce a factor antiserum with a serotype specificity that resembles that of mAb Hyp10AM6 by absorbing antiserum against serotype 10A with serotypes 10B and 10C. The present findings also reveal a likely explanation for the long recognized cross-reaction of factor 10d antiserum and serotype 39 S. pneumoniae (18) , which was also found to bind mAb Hyp10AM6 (13) . These reactions correlate with the presence of wcrD, wciF, and wcrG in the cps39 locus, as well as wzy that belongs to the same homology group as wzy of serogroup 10, which suggests that CPS39 (like CPS10A) has ␤1-6 Galp and ␤1-3 Galf branches linked to GalNAc. Studies are underway to determine the structure of CPS39, which should in turn offer insight into the structures of other genetically related CPS serotypes (11) .
We previously showed that the Galf branches of CPS10F are formed from the termini of linear oligosaccharide repeating units by wzy-dependent polymerization through subterminal GalNAc (6) . We have now found that the ␤1-6-linked Galp branches in CPS10A are formed in the oligosaccharide repeating unit of this polysaccharide by WcrG, a predicted member of the Core-2/I branching enzyme family. The identification of WcrG as a branching Galp transferase was clear from the finding that deletion of wcrD from the cps10A locus eliminated not only the ␤1-3 Galf branches of CPS10A but also the wcrG-dependent ␤1-6 Galp branches, thereby indicating that WcrG transfers Galp to subterminal GalNAc in the product of WcrD (i.e. Galf␤1-3GalNAc␤1-). Whereas deletion of wcrG from the cps10A locus eliminated Galp branches from the CPS produced by mutant strain JA2, deletion of this gene from the cps10B locus had no effect on the structure of CPS10B produced by mutant strain JB2, thereby suggesting that wcrG occurs as a pseudogene in the cps10B locus. The inactivity of this pseudogene was confirmed by plasmid-based genetic complementation studies using CPS10A-specific mAb Hyp10AM6 to detect wcrG-dependent synthesis of Galp branches. Thus, mAb Hyp10AM6 bound serotype 10B strain 423/82 following transformation of this strain with a plasmid harboring wcrG from FIGURE 4. Molecular basis of S. pneumoniae serogroup 10 CPS structure and serotype specificity. A, structure-determining regions of cps10 loci (GenBank TM CR931649, CR931650, CR931651, and CR931652, respectively) showing percentage identities between predicted glycosyl or ribitol-phosphate transferases and polymerases (unfilled), pseudogenes (blue or green speckles), and other genes (shaded gray) for a flippase (wzx), galactofuranose mutase (glf), and putative O-acetyltransferase (wciG). All of the genes are identified in the cps10A locus. Genes associated with structural differences between serotypes are labeled in green, blue, or red. B, assignment of encoded transferases and polymerase to all features of CPS10A and to the distinguishing features of other serotypes. CPS10C and CPS10F are partially O-acetylated, but the position(s) of O-acetylation are not known. The antigenic formula of each CPS10 serotype, as determined from reactions of factor antisera (10) , is indicated in parentheses. Factor 10a is common to all four serotypes. C, specificities of factor antisera defined by immunizing and absorbing CPS10 serotypes.
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serotype 10A strain 10061/38 but not following transformation of mutant strain JA2 (cps10A⌬wcrG) with a comparable plasmid harboring wcrG of serotype 10B strain 423/82. The mutation associated with the loss of wcrG function in strain 423/82 does not involve a frameshift like that described for conversion of CPS serotype 15B to 15C (19) but instead appears to involve a change in amino acid coding sequence. Studies are underway to identify the corresponding mutation in strain 423/82 and determine whether the same mutation occurs in other serotype 10B strains.
Although the genetic difference between CPS serotypes 10C and 10F depends on the presence of wcrC or wcrF, the difference between CPS serotypes 10A and 10B involves these genes as well as the presence or absence of functional wcrG. Consequently, in addition to CPS10A and CPS10B, two additional CPS10 serotypes appear to be possible. One of these serotypes would be like that of wcrG mutant strain JA2 (Fig. 2C) , which was identified as serotype 10A by the positive and negative reactions of factor 10b and 10d antisera, respectively. However, unlike serotype 10A, strain JA2 was unreactive with mAb Hyp10AM6 (Fig. 3) . Previous studies (13) of this mAb showed that it reacted with each of 12 clinical isolates identified as serotype 10A. Thus, there is no presently available evidence that isolates identified as CPS serotype 10A by their reactions with factor antisera include some that lack Galp branches. The other novel CPS10 serotype could be derived by replacement of wcrC in the cps10A locus with allelic wcrF and would thus produce a CPS that is like CPS10A except for the presence of ␣1-4 linkages between Gal and ribitol-5-phosphate. This serotype was derived in the present study by expression of functional wcrG from pJY-16 in serotype 10B strain 423/82. The resulting construct reacted like CPS10B with factor 10b and 10d antisera but, unlike CPS10B, bound mAb Hyp10AM6. This mAb, although unreactive with serotype 10B reference strain 423/82 (Fig. 3), has not yet been screened for possible reactions with other serotype 10B isolates. Regardless of the outcome of such studies, which are in progress, the present findings indicate that conversion of serotype 10A S. pneumoniae to a novel CPS10 serotype is possible, either from the loss of wcrG function or from replacement of wcrC with allelic wcrF via homologous recombination between flanking genes. Whether immunization with CPS10A, a component of the 23-valent vaccine (9), increases selective pressure for either of these events would depend on the specificity of the human immune response for the corresponding features of this polysaccharide.
